Three flavin-containing compounds, namely, riboflavin, riboflavin 5ῐ-phosphate (flavin mononucleotide, FMN) and flavin-adenine dinucleotide (FAD, Scheme 1), were studied using matrix-assisted laser desorption ionization (MALDI), fast atom bombardment (FAB) and electrospray ionization (ESI) mass spectrometry. It was found that the isoalloxazine ring (flavin) was reduced in the positive-ion MALDI and FAB ionization processes producing unusual ions [Mῌ2] ῌῌ and [Mῌ3] ῌ in addition to the anticipated [Mῌ1] ῌ , whereas ESI generated only [MῌH] ῌ as the molecular-related ion. The reduction mechanism is hypothesized as the protonation from the matrix with a concomitant electron transfer,῏ 1 rather than the transfer of hydrogen atom(s), H ῌ . ESI, in which matrix is not used, did not produce [Mῌ2] ῌῌ nor [Mῌ3] ῌ more than the natural isotope abundance of 13 C in the sample molecules. The reduction site expands to N(1)῎C(10a)῎C(4a)῎N(5), a1,4-diaza-1,3-butadiene system, in the isoalloxazine ring, resembling the behavior of prosthetic groups of aerobic dehydrogenases.
Introduction
FAD plays important roles in electron-transferring flavoproteins as prosthetic groups, typically, of glutathion reductase and of acyl-CoA dehydrogenase in the mitochondrion. FMN, in the meantime, provides an electron conduit between the two-electron donor NADH and the one-electron acceptor, the cytochrome. Both FAD and FMN themselves may take oxidized, semiquinone and fully reduced forms in the enzymatic redox cycles.
As for mass spectrometry, it has been known since the early 80's that certain kinds of organic molecules such as dyestu#s 1)῎3) and nucleosides 4) are reduced by matrices on liquid SIMS and FABMS, and the mechanism of such matrix-induced reduction has been discussed.
2)῎10) Among those reports, participation of electron capture with the trapping of H ῌ radical was suggested in the reduction processes. 5), 6), 8) Murthy and Miller described the reduction process in FAB as multiple protonations followed by one-and two-electron additon.
2) It has been also long known that quinones are reduced on FABMS. 5), 6) , 9) Naturally, reduction in the FAB mode is a phenomenon much depended on a) Dept relative redox potentials of the matrix and analyte. 3) Although multiple protonation on MALDI is commonly observed as doubly-and triply-charged ions of proteins, reduction on MALDI has not been much accounted. Recently, however, Karas et al. proposed a new model for MALDIMS concerned with the charge status.
11)
Yet, best to our knowledge, comparison among di#erent soft ionization methods on such reduction has not been reported up to date.
As a part of bioluminescence studies, we have been interested in the roles of possible prosthetic groups, flavin adenine dinucleotide (FAD, M r 785.6) and flavin mononucleotide (FMN, M r 456.4), in luciferases. In the course of our study, it was found that FAD showed abnormal spectral behavior on MALDIMS. That is, in addition to the expected [ On that account, the parent component riboflavin (RbF, M r 376.4, Scheme 1) was extensively studied by mass spectrometry in this work, and a related coenzyme flavin mononucleotide (FMN) was also examined. It was found that riboflavin was reduced on MALDI and FAB at the isoalloxazine ring by the two successive steps of one-electron reductions. The phenomenon was much similar to biological redox reactions. However, none of these three typical flavin compounds was reduced on ESIMS where a matrix is not used.
Experimental Section

Samples and methods
RbF and FMN were purchased from Wako Pure Chemical Industries, Ltd., while FAD was supplied by SIGMA CHEMICAL CO., and glycerol-d 5 was from Aldrich. Those samples were used without further purification.
MALDI mass spectra were obtained with N 2 -laser at the acceleration energy 20 keV on a PerSeptive Voyager, where the matrices were a-cyano-4-hydroxycinnamic acid (CHCA, M r 189. For ESIMS, aqueous solution of the sample was introduced by infusion into a Finnigan LCQDECA at a 5 kV spray voltage.
Results and Discussion
MALDI mass spectrum of riboflavin in the positiveion mode using a-cyano-4-hydroxycinnamic acid as the matrix showed not only the usual [MῌH] ῌ (m/z 377.1) but also, quite unexpectedly, [Mῌ2] ῌῌ (m/z 378.1) and even [Mῌ3] ῌ (m/z 379.1) ions (Fig. 1a) . Reduction of riboflavin on MALDIMS also took place when sinapinic acid or 2,5-dihydroxybenzoic acid was used as the matrix. However, relative intensities of [Mῌ2] ῌῌ and [ Mῌ 3] ῌ to [MῌH] ῌ were much dependent on matrix species as well as on laser energy.
Riboflavin was also reduced on FAB when glycerol was used as the matrix (Fig. 1b, left) . FMN and FAD, although they both clearly showed reduction on MAL-DIMS, did not produce straightforward results on FAB. We were, consequently, much interested in revealing the reducing species in the FAB matrix, but it is not possible on the mass spectrum to distinguish a species reduced by the hydrogen atom from that reduced by the proton addition with a concomitant electron transfer. A simple assumption that if the proton from the hydroxyl group was the reducing agent when coupled with an electron transfer, thioglycerol, which is known to give generally more intense [MῌH] ῌ of samples than glycerol does, might be more e$cient in providing [Mῌ2] ῌῌ and [Mῌ3] ῌ . Contrarily, however, our experimental data showed thioglycerol to be no more e$cient reducing agent than glycerol in giving such abnormal ions (Fig. 1c) in agreement with a previous report by Kyranos and Vouros, in which importance of relative redox potentials were described. 3) As a consequence, we then assumed that the hydrogen atom was attributable to the flavin reduction. In an attempt to prove this hypothesis, glycerol-d 5 a: The right spectrum is the lower mass region of a-cyano-4-hydroxycinnamic acid. Aqueous solution of riboflavin was applied on top of this matrix surface, and (ῌ) MALDIMS was measured as usual. The left spectrum is the molecular-related ion region of thus measured riboflavin. b: (ῌ) FAB mass spectrum on a TSQ 700 using glycerol as the matrix. Left; fragment ions representing isoalloxazine region. Right; molecular-related ions. c: Molecular-related ion region of FAB mass spectrum using thioglycerol as the matrix.
Mass Spectrometry of Flavins
῍ 53 ῍ relative intensity of m/z 378.5, which corresponded to ionic species of (Mῌ2) of riboflavin on positive-ion FAB. However, a close examination of these two spectra indicated that the intensity of an ion at m/z 379.5, which corresponded to ionic species of (Mῌ3), was slightly increased when the matrix was glycerol-d 5 . If the hydrogen atom came from the C῎H group of glycerol, the entity of the ion at m/z 378.5 was [MῌH
when the matrix was light glycerol (Fig. 1b, right) . However, the ion of the same mass (m/z 378.5) was probably [MῌD] ῌῌ if the matrix was glycerol-d 5 (Fig.  2a) .
6) The ion at m/z 379.5 was mostly [Mῌ2HῌH ῌ ] when the matrix was light glycerol (Fig. 1b, right ], the protonated fully reduced light molecule, if the reduction was induced by transfer of a hydroxyl proton with the electron in two successive steps. The observation that the intensity of m/z 379.5 was slightly higher when glycerol-d 5 was the matrix may suggest that the deuterium atom of C῎D groups in glycerol also contributed in the reduction of flavin to some extent. The contribution of the C῎D deuterium atom to the glycerol (Mῌ2) radical ion was previously verified in a review article by Detter et al. ῌ , though evidently intermitted with ions spaced by 1 u, reflecting partially deuterated and back-exchanged molecular species.
Thus, it was evident that reduction was induced mostly by proton from the matrix glycerol coupled with the electron transfer. There were two problems to solve, then; (1) Why did the charge number not increase on addition of plural numbers of protons ? (2) Is there any other factor for thioglycerol to be less e$cient in giving reduced ion species than glycerol in addition to already discussed hypotheses ?
3), 9) These questions may be answered by assuming that electron transfer occurred concomitantly with protonation as in the redox prosthetic groups in biological systems. If so, ine$ciency of thioglycerol as the reducing agent can also be explained, because more acidic thioglycerol is more e$cient protonating agent than glycerol, thus the rate-determining process of electron transfer ( ῌ of FAD were compared within the FAB mode using di#erent matrices, i.e. glycerol and thioglycerol, as shown in Fig. 3a and b, respectively. Obviously, the ion intensity ratio of reduced molecular-related ions was higher for glycerol than for thioglycerol.
3), 9) Reducing site was located within the isoalloxazine moiety by the fragment ions at m/z 243.2, 244.3, and 245.1 for riboflavin, as shown in Fig. 1b left, of which the pattern of ion peaks is similar to Fig. 1b right, with 1 u mass shift, indicating radical/even-electron neutral elimination as discussed later in this paper. Here, the natural abundance of 13 C (1.1῏) multiplied by the participating carbon numbers for the isoalloxazine moiety and the whole riboflavin molecule is making corresponding e#ects in intensities. Thus, it was confirmed that reduction took place at the N(1)῎C(10a)῎ C(4a)῎N(5) conjugated diazabutadiene system in the isoalloxazine ring. In the case of FAD, however, a presence of the second reducing site located in adenyl group 4) 
was indicated by ions at [M῏῏ῌ4] ῌῌ and [M῏῏ῌ 5]
ῌ , in higher intensities than the 13 C natural abundance of [Mῌ3] ῌ . The spectrum obtained by a magnetic sector instrument showed this secondary reduction in the FABMS mode more clearly than the spectrum by a quadrupole instrument (data not shown).
The tendency of less e$cient reducing agent of thioglycerol than glycerol was further evidenced by comparing the isoalloxazine-related ion regions of riboflavin-d 3 FAB mass spectra. The relative ion intensity at m/z 246 to m/z 248 was much higher when the matrix was thioglycerol-d 3 , than the case when glycerol-d 3 was the matrix. The ion at m/z 246 corresponds to oxidized form of flavin moiety, that is, [isoalloxazine῎N(3), N(10)῎DῌD] ῌ while the ion at m/z 248 Fig. 2 . Molecular-related regions of (ῌ) FAB mass spectra of riboflavin using deuterated glycerols as matrices. a: Matrix was glycerol-d5. b: Matrix was glycerol-d3. The instrument was a TSQ 700. One might suspect the possibility that the protonated dimer of the MALDI matrix a-cyano-4- ῌ of the matrix. As a comparison, ESIMS of riboflavin and FAD was measured, and the latter is shown in Fig. 3c ῌῌ (m/z 378.5) of riboflavin gave the same product ion at m/z 243. 4 
as the product ion of ESI-MS/MS of [MῌH]
ῌ (m/z 377.1). In other words, a radical precursor ion and an evenelectron precursor ion, di#erent from each other by 1 u, produced the same even-electron product ion as shown on a and b in Fig. 4 . A plausible elucidation is given in Scheme 3. Namely, the eliminated neutral on ESI from Table 1 shows the e#ects of ionization methods and matrices on features of molecular-related ions.
Conclusions
It is highly of interest that flavins behave in matrixassisted desorption mass spectrometry much like those in the biological redox systems. Reduction occurs in flavin compounds on FAB and MALDIMS, in which matrices are always used. This observation much resembles the redox-prosthetic groups in biological systems, in spite of the apparently higher energy applied to the samples on these desorption ionization mass spectrometry, as illustrated in Scheme 4. To the contrary, ESIMS, which is indi#erent of matrix, indicates no reduction in flavin compounds. Detailed studies on FAB spectra clarified that reduction takes place in the isoalloxazine ring mostly by multiple protonation donated by the matrix accompanied by the concomitant acceptance of the electron, which induces preservation of the charge number in unity. Scheme 4.
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